Peptide-dendrimer conjugates, bearing up to eight peptide ligands (LDV) targeted against the α4β integrin VLA-4 were prepared by solid-phase synthesis. Solid phase synthesis allowing the dendrimer conjugates to be prepared in high purity for an investigation of the multivalent effect in ligand integrin interactions. An ELISA was used to screen the peptide-dendrimer conjugates for their ability to compete with a biotinylated peptide component of the CS1 region of fibronectin. The inhibition potential of the different generation peptide-dendrimer conjugates was found to increase with higher generations.
Introduction
Cell-cell and cell-matrix interactions are involved in a number of disease states, most notably cancer metastasis and various inflammatory conditions for example rheumatoid arthritis and asthma. [1] [2] [3] [4] [5] They are also involved in many physiological processes including the immune response, wound healing, embryogenesis and cell differentiation. Integrins appear to be the major receptors by which cells attach to the extracellular matrix. The integrin VLA-4 or α4β1 (the integrin studied here) is found on numerous cell types including tumor cells, lymphocytes and eosinophils. The ability to affect integrin function therefore offers many opportunities for therapeutic intervention. Fibronectin 6-8 is a cell adhesion protein widely distributed in the tissues of all vertebrates and is present as a polymeric fibrillar network in the extracellular matrix and as soluble protomers in body fluids. Significantly, it contains at least two major domains that support cell adhesion. The counter ligand for VLA-4 includes both VCAM-1 (found on vascular endothelial cells) and a peptide motif found within fibronectin. The minimal essential peptide sequence in both ligands is LDV. This is analogous to the RGD motif (also present in fibronectin), which is a ligand for a wide variety of integrin receptors in particular αIIbβ3 and αvβ3. The affinity of these tripeptides is however low when compared to fibronectin in cell adhesion assays 9 which has an IC50 value of 9 nM. This is because high avidity interactions result due to multivalent interactions. Recently various polymers have been used to improve carbohydrate protein interactions using the multivalent effect. [10] [11] [12] [13] [14] [15] [16] [17] Dendrimers are mono-disperse multivalent polymers and provide excellent templates for the multivalent expression of biologically active ligands. Dendrimer conjugates were investigated here as a possible way to increase the affinity of the weak binding ligand, (LDV), to the α4β1 integrin using solid-phase synthesis to allow efficient dendrimer conjugation.
Results and Discussion (a) Synthesis of multivalent dendritic scaffolds
Taking advantage of the solid-phase PAMAM dendrimer chemistry already developed in our laboratories, 18 dendrimer synthesis (Scheme 1) started from the initiator core 1, which was treated with 250 equivalents of methyl acrylate in methanol for 2 x 48 hrs at 50°C followed by removal of excess reagents by filtration and thorough washing (DCM, DMF, MeOH, Et2O). To monitor the formation of half-generation dendrimers electrospray mass spectrometry was used as it could detect the presence of any defects. This was important, as defect structures arising from retroMichael additions and intramolecular cyclic amide formation can cause problems.
19 The half generation dendrimer was then treated with 1, 3 diaminopropane in DMSO for 72 hrs at 50°C and then again at room temperature for a further 72 hrs to form the next full generation dendrimer.
Solid-phase dendrimer synthesis was also performed using the trifunctional dendrimer building block, dimethyl 6-isocyanato-6-(4-carbomethoxy-2-oxabutyl)-4, 8dioxaundecanedioate, pioneered by Newkome et al. 19 Displacement of the methyl ester was performed by treatment with 1,3-diaminopropane in DMSO affording a dendrimer 4 with six ligand sites. Dendritic purity in all cases was evaluated by attaching a chromophore to a small amount of resin linked dendrimer which was then cleaved with 90 % TFA in DCM and analysed by HPLC.
(b) Synthesis of Peptide-Dendrimer Conjugates
The solid-phase immobilized dendrimeric scaffold allowed the coupling of a range of biologically active ligands. The peptides (LDV and EILDVPST) was synthesised on the dendrimer resins using standard Fmoc solid-phase peptide chemistry. Couplings were performed with 5 equivalents of HOBt, DIC and amino acid, in DMF. Following dendrimer-peptide conjugate synthesis, deprotection and cleavage with 90% TFA in DCM, the cleaved products were dissolved in acetic acid, concentrated and precipitated with ether, centrifuged and freeze dried. The dendrimer conjugates were subsequently purified by semi-preparative RP-HPLC and were of exceptional purity, without any defect structures, something which is usually difficult to obtain with large molecules of this type. The peptide sequence EILDVPST, (from the CS-1 region of fibronectin), was coupled onto 4 using standard peptide coupling conditions to give the dendrimer conjugate 5a in good yield and purity (>90% by HPLC, λ=220nm).
(c) LDV Peptide Screening Assay
The dendrimer conjugates were evaluated for their ability to inhibit the binding of biotinylated-EILDVPST-NH2 to the α4β1 integrin adhesion receptor expressed on cancer cells grown on 96 well-plates. Thus peptide EILDVPST-NH2 6 was compared to the hexavalent form 5a (prepared from dendrimer 4) in a competition ELISA. Binding results showed (Figure 1 ) that the dendrimeric presentation of the EILDVPST sequence increased its affinity 12-fold, significantly more than the statistical increase in ligand number, showing the advantage of multiple valancy. The minimum active peptide sequence in fibronectin is LDV. Dendrimeric compounds bearing only LDV were also synthesized ( Figure 2 ). However they showed little or no activity in competition with the fuller length biotinylated peptide EILDVPST-NH2. A small library of multiple-valent compounds based on LDV but in which the capping group at the N-terminus was varied based on previous reports 20 of efficient capping groups was synthesized. Ligand a was found to be the best ligand and b the most water soluble. This led to the series of compounds shown in Figure 3 , which also allowed an investigation into the effect of spacer length on potency by incorporating 1, 2, or 3 residues of Fmoc-6-aminohexanoic acid followed by ligands a or b to afford compounds 6-12. Screening (Figure 4) showed that there were no real benefit of increasing the spacer length, but the capping group has a huge effect on binding. The solid-phase strategy presented here is an ideal method allowing the generation of extremely clean monodisperse peptide-dendrimers for the investigation of the multivalent effect in ligand integrin interactions. The materials generated were essentially homogeneous, a non-trivial task for compounds of this size and type (for example dendrimer 4 conjugated with the peptide EILDVPST (conjugate 5a) has a mass of (6329 Da)). The multiple valency approach was successful, but only to a limited degree. Clearly this indicates that spatial organization of the peptide array needs to be optimized to ensure high affinity binding. 
Experimental Section
Analytical HPLC was performed on a HP1100 system equipped with a Phenomenex Prodigy C18 reverse phase column (150 x 4.66 mm) with a flow rate of 1 mL/min. Monitoring at the wavelength 220 nm eluting with 10-90% MeCN/(0.1% TFA) over 20 minutes. A375M melanoma cells (CRL-1619, American Tissue Culture Collection, Manassas, US). Cells were plated at 2.5 × 10 4 cells/100µL medium/well into 96 well plates. Twenty-four hours later media was gently removed and 100µL of 0.25% glutaraldehyde was added to each well for 30 minutes. This was subsequently removed and 100 µL PBS/0.05% w/v azide added to each well for storage at 4 °C. After washing three times in PBS containing 0.05% v/v Tween 20 (the wash buffer) the plate was blocked with 10% w/v BSA in PBS for 1 hour at 37°C, 200 µL/well. After a washing step, biotinylated EILDVPST (100 µL/well in duplicates) was added in the presence and absence of the competing peptide /dendrimer conjugate. The plate was incubated at 37°C for 1 hour. After thoroughly removing the unbound biotinylated peptide Neutravidin Horseradish peroxidase (2.0 µg/mL, 100 µL/well, Pierce Chester, UK) was added to each well and incubated for 1 hour at 37°C. After washing off unbound enzyme 100 µL of the substrate o-phenylenediamine (OPD) dihydrochloride (Sigma, Poole, Dorset, UK) was added to all wells and the plate incubated for 40 minutes at room temperature in the dark before measuring the absorbance at 450nm.
